We introduce a crust relaxation process in a continuous cellular automaton version of the Burridge-Knopo model. The most important model parameters are the level of conservation and the ratio of the crust relaxation time to the tectonic reloading time. In correspondence with the original spring-block model, the modi ed model displays a robust power-law distribution of event sizes. The principal new result obtained with our model is the spatio-temporal clustering of events exhibiting several characteristics of earthquakes in nature. Large events are followed by aftershock sequences obeying the Omori law and preceded by localized foreshocks which are initiated after a time period of seismic quiescence. While we observe a considerable variability of precursory seismicity, we nd that the rate of foreshocks increases on average according to a power-law with an exponent q, which is in good agreement with the exponent p of the Omori law. In contrast to other events, the distribution of foreshock sizes is characterized by a signi cantly smaller Richter B-value. Our model reproduces the empirically observed power-law exponents, the Richter B-value, p and q and their variability using one set of model parameters, simultaneously. 
Introduction
In the recent past, many seismologist came to the agreement that the earth is in a state of self-organized criticality Geller et al., 1997; Main, 1997] . In the concept of self-organized criticality (SOC), which was rst introduced by Bak et al. 1987 ], a system drives itself into a statistically stationary state characterized by spatial and temporal correlation functions with power-law behavior. The system is attracted to this state without a detailed speci cation of the initial conditions and control parameters.
In fact, earthquakes show several types of powerlaw behavior. A famous one is the Gutenberg{Richter law Gutenberg and Richter, 1956] , which can be transformed into a power-law for the number of observed earthquakes with rupture sizes greater than S Kanamori and Anderson, 1975] N(Size > S) S ?B :
(1)
The exponent B varies over a wide range of values for di erent faults, namely, between 0.80 and 1.05 Pacheco et al., 1992] .
Furthermore, large earthquakes are often preceded by spatially localized sequences of few foreshocks and mostly followed by a larger number of aftershocks. Both, the decay of the aftershock sequences and the time distribution of foreshocks are found to follow power-laws. The aftershocks are described by the modi ed Omori law Omori, 1894; Utsu et al., 1995] R a (c a + t ? t M ) ?p ; (2) and the foreshocks by a similar power-law Kagan and Knopo , 1978; Jones and Molnar, 1979] R f (c f + t M ? t) ?q ; (3) where t M indicates the occurrence time of the mainshock, R a and R f denote the occurrence rate of aftershocks and foreshocks, respectively, and c a ; c f are small constants. Both exponents p and q are found to be close to one for empirical earthquake catalogues Papazachos, 1975; Scholz, 1994] .
To reproduce the observed characteristics, simpli ed models for complex fault systems have been studied. A well-known model, which reproduces the Gutenberg-Richter law, was proposed by Burridge and Knopo 1967] (BK), assuming the fault system as a spring-block system lying between two rigid tectonic plates. Several modi cations of this model have been analyzed by di erent authors (e.g. Carlson and Langer, 1989a,b; Nakanishi, 1991] ). Olami, Feder and Christensen (OFC) Olami et al., 1992; Christensen and Olami, 1992a,b] have shown that their continuous, nonconservative cellular automaton model is equivalent to the two-dimensional BK-model in the quasistatic limit, i.e. if instantaneous block slips are assumed. In contrast to the rst generation of SOCmodels, which were limited to a conservation law Bak and Tang, 1989] , the OFC-model can explain the proper B-value and its empirically observed variability. According to the OFC-model, the exponent B is close to zero in the case of high levels of conservation and increases to values above two for low levels of conservation.
None of these models, however, shows the most conspicuous characteristics of spatio-temporal clustering observed in real fault systems: sequences of fore-and aftershocks. Several mechanisms were introduced to simulate this kind of clustering: stress recovery as a result of visco-elastic relaxation within the fault zone combined with time-dependent friction Dieterich, 1972; Mikumo and Miyatake, 1979] ; randomly re-shu ing of static friction (arbitrary fault strengthening or weakening) after block slip Ito and Matsuzaki, 1990] ; or pore uid ows Nur and Booker, 1972] . These mechanisms lead to aftershock sequences obeying the Omori law, but they cannot explain the emergence of foreshocks.
One explanation for foreshocks is an initiation process of earthquakes according to the mechanism of stress corrosion cracking, which is observed in laboratory experiments Scholz, 1994] . Yamashita and Knopo 1987 ] assume a fractal distribution of pre-existing cracks. In this case, stress corrosion can lead to foreshocks and aftershocks with the observed characteristics. Sornette et al., 1992] have shown that a fractal distribution is not a prerequisite to reproduce foreshock sequences by means of stress corrosion cracking. However, the models are not able to simulate a statistically stationary state with successive small and large earthquakes, because cracks are not permitted to heal. Huang et al. 1998 ] studied a pre-existing hierarchical fault system assuming coupling strengths which are proportional to the cell sizes. The system self-organizes asymptotically into a stationary state where fore-and aftershock sequences with power-law behavior occur. While the observed exponent of the aftershock activity (2) is reproduced p 0:9, the cellular automaton describes a long-term increase of foreshock activity q 0:4 rather than a short-term increase (3).
As an alternative to stress corrosion cracking which describes an accelerated process, we will show that transient creep, which occurs in the crust subsequently to earthquakes, can explain the observed spatio-temporal clustering accompanying large earthquakes. Postseismic slip is observed to occur in the vicinity of the fault over days to years Peltzer et al., 1996; Heki et al., 1997; Savage and Svarc 1997] . Visco-elastic relaxation within the fault plane have been already examined by Mikumo and Miyatake 1979] in a model of Burridge-Knopo type. In this case, no fore-and aftershocks can be reproduced without further assumptions. Nakanishi 1992] has investigated a viscous uid ow under the fault. His one-dimensional fault model reproduces aftershock sequences obeying the Omori law, but no foreshocks.
In this paper, we study the e ect of transient creep in the vicinity of the fault layer on the dynamics of the two-dimensional OFC-fault-model. Thus, in contrast to the models which use stress corrosion, we assume stick-slip motion with instantaneous healing. Furthermore, no built-in complexity is used. Hence, there are no di erences in the initiation processes of different earthquakes. This assumption is supported by the observations that there is no known way to distinguish a foreshock from another event and that there is no correlation between the size of foreshocks and that of the subsequent mainshock Jones and Molnar 1979; Ogata et al., 1996] . We investigate two opposite types of crust relaxation processes (Section 2). In the case of a nonlocal e ect, we will show that the Gutenberg-Richter law is maintained (Section 3.1), whereas in the case of a nothing but local e ect the self-organized critical state is destroyed. In the former case, foreshocks and aftershocks occur according to (2) and (3) as well as a precursory quiescence which precedes the foreshocks (Section 3.2). Analyzing the statistics of fore-and aftershocks yields a signi cant di erence of the corresponding B-values. In Subsection 3.2.4, some examples are presented which illustrate the precursory and postseismic activity accompanying single mainshocks. Finally, we discuss the robustness of our results with respect to model modi cations and summarize the main ideas of our work.
Model
By analogy with the model of Burridge and Knopo 1967] (BK), we discuss the internal dynamics of a single fault rather than the dynamics of a complex system of coupled faults. In our model, the fault is represented analogously by a network of interconnected blocks lying between two tectonic plates. Each block is coupled to the adjacent blocks and to the upper tectonic plate by springs and is connected frictionally to the bottom tectonic plate. It is assumed that the blocks perform stick-slip motion. All blocks are driven simultaneously by the slow relative movement of the two plates.
In contrast to the BK-model and its cellular automaton version (OFC-model), we do not assume total elasticity, because material creep, plasticity, uid ow, and other processes are important in real fault systems. For example, afterslip or transient creep are known to induce a stress release in the order of the coseismic release Heki et al., 1997; DeMets, 1997] . Therefore, we study, as an extension of the BK-model, transient creep in the vicinity of the fault blocks which perform stick-slip motion. In general, a local failure changes the stress within the crust over a zone with a characteristic length set by the screening of the elastic Green function. Transient creep is expected to occur in this region. In a rst order approximation, we restrict our analysis to transient creep which affects only the slipped block and its nearest neighbors. We study two opposite cases: The relaxation process involves either only the slipped block (local model) or only the adjacent blocks (nonlocal model). The more general case of a combination of both models is described in Section 4. The relaxation process is modeled by standard linear solids, which exhibit elastic properties in addition to transient creep characteristics. The standard linear solid consists of a Maxwell element in parallel with a spring (see e.g. Dieterich, 1972] ). One-dimensional sketches of two-dimensional block-systems, which are representing the local and nonlocal model, are shown in Figure 1 and analyzed in the appendix. For simplicity, we analyze an asymmetrical fault system in correspondence with the BKmodel, i.e. only the edge of one of both tectonic plates is subdivided into blocks with elastic and transient characteristics. A symmetrical model, which treats both tectonic plates in the same manner, leads to the same qualitative dynamics.
In real fault systems, the duration of large earthquakes is of the order of minutes, whereas the duration of aftershock sequences is of the order of weeks and the recurrence times of large earthquakes are of the order of hundred years. Consequently, the dynamics of a single earthquake is much faster than the assumed crust relaxation and the tectonic loading. Therefore, we assume that the crust relaxation, i.e. the relaxation of the standard linear solid, and the tectonic loading have no e ect on the dynamics of an individual event. Thus, the evolution of a single earthquake depends only on the elastic properties of the block-system and can be described by analogy with the OFC-model. In the inter-occurrence time interval between successive earthquakes, the stresses increase according to the tectonic loading and additionally, in contrast to the OFC-model, according to the transient creep in the crust.
We implement our model in the form of a continuous cellular automaton by de ning an L L array of blocks (i,j), where i; j are integers, 1 i; j L. The total force (or stress if unit area is assumed) on each block is given by (i; j). The model algorithm consists of two steps, (i) the evolution of a single earthquake and (ii) the stress changes in the interoccurrence time between successive events:
(i) The evolution of a single event is described in the following way: The friction law adopts the MohrCoulomb law with a spatially constant static failure threshold F , and a spatially constant residual stress R . If the stress on a block (k,l) exceeds the static failure threshold, (k; l) F , sliding is initiated at this block. The moving block slips to the position with the residual stress R and the stress 4 (k; l) ? R is distributed to the adjacent blocks and to the crust. The stresses of the four nearest neighbors (k ; l ) are set according to the rule
(4) and the stress of the sliding site is reset to (k; l) ! R :
(5) The elastic coupling constant depends on the spring constants (see appendix) and can vary in the range of 0 0:25, where =0.25 refers to the conservative case. The stress increase in the crust is (1?4 )4 . This change of stress causes a relaxation process which follows the earthquake (step (ii)). The e ect of the relaxation process on the block system depends on the assumed coupling (see appendix (A8) and (A13)). Therefore, we introduce the stress levels The rede ned stress on the adjacent blocks (k ; l ) may lead to an instability, i.e. (k ; l ) F , in one or more blocks. In this case, a chain reaction starts and the stresses are distributed according to equations (4), (5) and (6), respectively (7), until the earthquake is terminated, i.e. until (i; j) < F for all blocks (i,j).
The spatial size of the event is measured, i.e. the blocks, which slipped at least once in the avalanche, are counted.
(ii) In the inter-occurrence time interval between successive events the dynamics is described in the following way: The evolution of a single earthquake is set to be instantaneous, i.e. the relaxation process and the tectonic loading have no e ect during the evolution of an earthquake. However, the Maxwell elements relax in time intervals between successive earthquakes. Each earthquake induces a subsequent relaxation process, e.g. an earthquake occurring at time t n leads to a stress increase according to 4 n (i; j; t) = n cr (i; j) (1 ? e ? t?tn T ) : (8) In the appendix, we derive explicitly the dependence of the relaxation time T and the parameter on the elastic and viscous properties of the investigated block-systems. The parameter denotes the fraction 0 < < 1 of the instantaneous stress jump in the crust n cr , which is redistributed to the fault in time. The value can be interpreted as a measure for the ratio of the postseismic to the coseismic deformation. The relaxation processes of all earthquakes can be determined by superposition. Additionally to the crust relaxation process, the movement of the tectonic plates increases the stress on each block with a rate of ( F ? R )=T 0 , where T 0 is the tectonic reloading time. Therefore, the time evolution of the stress distribution following an earthquake at time t = t N can be described by To determine the onset of the following earthquake (index N+1), the equations (i; j;t ij ) = F are solved with Newton's method and the block with the minimal time t min = minft ij ji; j 2 1; : : : ; Lg is picked up. The next earthquake is initiated at this block and occurs at time t N+1 =t min . All stresses are changed to the values (i; j; t min ) according to (9) and step (i) is repeated for the next earthquake.
Simulation of the Model
For numerical simulations, we use open boundary conditions, which implies that the blocks in the boundary layer are coupled to rigid boundary blocks. We start the simulations with random values of (i; j) uniformly distributed in the interval R ; F ]. The values of R and F have no in uence on the dynamics. They are set arbitrarily to R =0 and F =1. Since we are primarily interested in the adjustment of the ratio of the relaxation time T to the tectonic reloading time T 0 , we x one of them. We choose T 0 = 10 3 for the following simulations; di erent values do not lead to qualitative changes. The system is iterated until it reaches a statistically stationary state.
In the rst part (Section 3.1), we study the distribution of event sizes (Gutenberg-Richter law) for the two di erent crust relaxation processes, analyzed in this paper. Then, in the second part (Section 3.2), we investigate the spatio-temporal patterns of earthquake dynamics, in particular, we analyze foreshock and aftershock sequences, the size distribution of foreand aftershocks and the seismicity preceding large events in a longer time interval. For the simulations analyzed in the rst two parts, the elastic parameter is set to 0.2 and the feedback fraction is set to 0.5. Hence, apart from the system size L, only the relaxation time T is varied. In Section 3.3, we discuss the dependence of the results on the parameters in general.
Distribution of Event Sizes
The distribution of event sizes, generated by our model, depends on the way in which the visco-elastic coupling between crust and block-system is implemented.
In the case of a local model, the power-law distribution, observed in the OFC-model, is destroyed (see Figure 2a) . The crust relaxation leads to higher probabilities for larger events than in the OFC-model.
For the case of the nonlocal model, the SOCbehavior observed in the OFC-model is maintained. The probability distribution of event sizes, shown in Figure 2b , yields the Gutenberg-Richter exponent B=0.9 compared to B=0.91 in the OFC-model Olami et al., 1992] . In this case, as well as in the local model, we nd that the distribution function is independent of the relaxation time T . The distributions for the di erent parameters T=T 0 =10 ?3 ; 10 ?4 and 10 ?5 are visually indistinguishable. To verify the criticality of the model, we study the e ect of increasing system size L=75, 100 and 125. We observe that the exponent is independent of the system size, whereas the cuto in the size distribution scales with L 2 (see inset in Figure 2b) . Consequently, the cuto in the distribution is a result of the nite system size which we have to use for our numerical simulations. However, from energy consideration it is obvious that also in real fault systems a cuto at the large energy end of the Gutenberg-Richter distribution exists.
Spatio-Temporal Clustering Associated with Mainshocks
In real fault systems, earthquakes typically do not occur as isolated events, but are usually part of a sequence of events. Foreshock and aftershock sequences are closely related to a larger event called mainshock; earthquake sequences without a large, dominant earthquake are called swarms.
In this section, we analyze the simulations of our model with regard to spatio-temporal clusters accompanying large events. For that, we determine the mainshocks in the simulated data as events with sizes S S cut which are the largest event within a time In the rst two parts, we characterize the occurrence of foreshocks and aftershocks and examine their size distributions. Then, we investigate the seismicity preceding foreshock sequences. In the last part of this section, we present some examples of simulated seismicity accompanying a mainshock.
3.2.1. Power-law increase and decrease of seismicity. For each mainshock we compute the occurrence rate of events relative to the mainshock occurrence time t M . Because of the small number of foreshocks and aftershocks associated with any single mainshock, there is a considerable variability in the details of the occurrence rates, especially with respect to foreshock sequences (see Section 3.2.4). Hence, to describe the temporal characteristics of clustering, we average the occurrence rates over several mainshocks. In Figure 3 the averaged occurrence rate per spatial volume is plotted in dependence on the spatial distance r to the hypocenter (initiation point) of the mainshock.
In the case of a local model (Figure 3a ), aftershocks occur with a distance of less than ten blocks (r 10), but foreshocks are absent. The maximum of the aftershock rate occurs with a delay which is of the order of the relaxation time T . This delay is in discrepancy to observations in real fault systems.
In the case of the nonlocal e ect of the relaxation process, an increasing number of foreshocks is generated on average just before the mainshock (Figure 3b) . Aftershocks turn on instantaneously after the mainshock, followed by a decay of the aftershock rate. The rate of aftershocks exceeds the rate of foreshocks by about one order of magnitude. It is important to note that the number of foreshocks as well as the number of aftershocks decreases with increasing distance r from the hypocenter of the mainshock, i.e. the clusters are localized around the hypocenter of the mainshock. Hence, we conclude that most foreshocks and aftershocks occur on or near the fracture area of the mainshock, which is by de nition greater than 10 3 grid points (for an example see Figure 8 ). This is in good accordance with empirical ndings for real earthquakes Mendoza and Hartzell, 1988] .
In the following, we restrict our analysis to the nonlocal model. At rst, we investigate more accurately the time evolution of foreshock and aftershock sequences. For that, we de ne the rate of extra events as the occurrence rate less the expected rate in the absence of clustering. In practice, we search the last minimum of the seismic rate which precedes the mainshock R ? min and the rst minimum which follows the mainshock R + min . The rate of extra events is the rate which exceeds the value R ? min (foreshocks) or the value of R + min (aftershocks). In Figure 4 , these rates are shown in log-log plots for the three ratios T=T 0 = 10 ?5 , 10 ?4 and 10 ?3 . Each data set can be tted quite well by power-laws according to (2) and (3), respectively. Our main nding is that the exponent p of the Omori law (2) is identical with the exponent q for the foreshock sequences (3). This is in good accordance with ndings for real fault systems Papazachos, 1975; Kagan and Knopo , 1978; Jones and Molnar, 1979; Davis and Frohlich, 1991] . Furthermore, the exponent of the power-law decreases approximately with 1.65, 1.1 and 0.6 for increasing ratio T=T 0 =10 ?5 , 10 ?4 and 10 ?3 , respectively. These results are found to be independent of the system size L of the simulations. The empirical values p, q 1 are reproduced by our model, if the ratio of relaxation time T to tectonic reloading time T 0 is of the order of 10 ?4 . In this case, i.e. T=T 0 =10 ?4 , we nd that the constant c a is 0:4 T . The empirical observed c a -values scatter from 0.01 days to over 1 day with a median of about 0.3 days Utsu et al., 1995] . In our model a value of c a = 0:3 days would lead to the reloading time T 0 of approximately 20 years which is in the range of the observed reloading times, e.g. 14-25 years for Park eld, California Segall and Harris, 1987] .
Size distribution of foreshocks and aftershocks. It has been found that single foreshocks
can be identi ed in advance only with a low probability from real data Ogata et al., 1996] . However, observations in real fault system Suyehiro et al., 1964; Papazachos, 1975] and on some laboratory work Scholz, 1968] have shown that foreshock sequences are characterized on average by a smaller B-value than aftershocks or other earthquakes. Now, we analyze the simulations of our model with regard to these observations. All events occurring in the spatio-temporal vicinity to a mainshock, ?10 T 4t < 0 and r 20, are counted as foreshocks and all events occurring within the time interval 0 < 4t 10 T and the distance r 20 are counted as aftershocks. Then, the distribution of event sizes is calculated for these foreshocks and aftershocks. In Figure 5 , the result for a model simulation (T=T 0 = 10 ?4 and L = 100) is shown in comparison to the size distribution of all events, i.e. independent events plus fore-and aftershocks.
We nd that the B-value of foreshocks concerning (1) is signi cantly smaller than the B-value of aftershocks and all other earthquakes. This is in good agreement with the empirical knowledge and indicates that the mean fracture size increases as gross failure is approached. 7 3.2.3. Precursory quiescence. We now investigate the evolution of seismicity in a time interval before the onset of foreshock sequences. For this, we calculate the averaged earthquake density in the whole time interval 4t M = 0:1 T 0 preceding the mainshock, where the mainshock is by de nition the largest event. This is shown in Figure 6 for a simulation with T=T 0 =10 ?4 . As a result, we nd that the earthquake occurrence rate decreases on average almost linearly until the foreshock sequence is initiated. This is in good agreement with observations for real earthquake systems: It is found that many mainshocks are preceded by a period of less seismic activity, so-called precursory seismic quiescence Habermann, 1988; Wyss and Habermann, 1988]. 3.2.4. Examples. In the previous sections we have analyzed the underlying dynamics leading to a mainshock as well as the dynamics following a mainshock. Because of the small number of foreshocks and aftershocks associated with a single mainshock, we have had to average over many mainshocks. Analyzing mainshocks without averaging, we nd that in all cases mainshocks are followed by a sequence of aftershocks, whereas the precursory seismicity di ers signi cantly for di erent mainshocks. Figure 7 shows three types of precursory seismicity appearing in our model simulations: (i) an accelerating number of foreshocks, (ii) mainshocks without signi cant foreshocks and (iii) a precursory swarm of small events separated from the mainshock by a time interval without seismicity.
Next, we present an example for the spatial-temporal evolution of slip events preceding and following a selected mainshock. The analyzed example (Figure 8 ) is of type (i), i.e. an increasing number of foreshocks occurs just before the mainshock. The foreshocks migrate toward the future hypocenter of the mainshock. We interpret this behavior in such a way that the block system is in a critical state where each of the foreshocks could grow in the mainshock. Then, the mainshock is initiated at the edge of the sliding zone of the foreshocks. Immediately after the mainshock, aftershocks occur on the gaps and on the edge of the mainshock rupture zone. This spatio-temporal evolution of foreshocks and aftershocks is found to be characteristic for our model.
Dependence on Parameters
In the previous sections, we have analyzed the model with respect to the elastic constant =0.2 and the feedback fraction =0.5. However, we have studied also other values of the model parameters.
We have found that the model dynamics evolve independent of the initial conditions in a statistically stationary state which depends mainly on two parameters: On the one hand, the Richter-B is signi cantly in uenced only by the elastic parameter . Analogous to the OFC-model Olami et al., 1992] , we have found that the B-value increases, if decreases. The variation of the observed B-values, B=0.8-1.05, in real faults can be reproduced by varying the parameter between 0.18 and 0.22. On the other hand, we have found that the ratio of the relaxation time T to the tectonic reloading time T 0 determines the power-law exponents p and q (Figure 4) . The empirical values p, q 1 can be reproduced in our model by a ratio T=T 0 in the order of 10 ?4 . In real fault systems, seismic waves and other processes lead to a loss of energy. Thus, the value of the feedback fraction can be small. We nd that even for small values of fore-and aftershocks occur. Furthermore, as well as the spatial dimension L do not in uence any of the power-law exponents signi cantly (Figure 9 ). However, the number of fore-and aftershocks occurring in the simulations are positively correlated to and L.
Discussion and Conclusion
We have shown that a network of blocks lying between two tectonic plates can evolve to a selforganized critical state with striking similarities to observations in real fault systems: a power-law distribution of event sizes, power-laws with similar exponents for fore-and aftershock sequences, a smaller B-value of foreshocks and a precursory seismic quiescence.
We have investigated two versions of a cellular automata which can be directly mapped into a springblock model which is similar to the model of BurridgeKnopo (BK) . In contrast to the BK-model, the crust is assumed to perform transient creep which is modeled by standard linear solids. It is emphasized that the standard linear solid provides only a rst order approximation to transient creep in rocks. Furthermore, long-range interactions are neglected. Our approach is to begin as simple as possible (minimal model) and progressively add more levels of detail as the e ects of the di erent parameters are clari ed. Thus, the results of modeling should be viewed as being qualitative.
The local and nonlocal model represent two dif-8 ferent kinds of coupling between the crust and the block-system. Hence, the crust relaxation in uences the block-system in di erent ways: In the case of the local model, the crust relaxation a ects only the slipped block, whereas in the case of the nonlocal model only the four nearest neighbors are a ected. Stress recovery on slipped blocks (local model) destroys the criticality of the system which is observed in the case of the BK-model, i.e. the GutenbergRichter law is not ful lled. Aftershocks occur, but they do not comply with the Omori law. Furthermore, foreshocks are absent in this case. By contrast, the Gutenberg-Richter law is maintained in the case of the nonlocal model and, additionally, localized foreand aftershock sequences occur which follow similar power-laws. Thereby, the empirically observed powerlaw exponents can be reproduced simultaneously using one set of model parameters. The observed variability of the exponents can be reproduced by variations of the parameter T , respectively . We nd that the longer the relaxation time is, the smaller is the exponent of the Omori law (2). This is in good accordance with the model of Nakanishi 1992], who has investigated a viscous uid ow under the fault. The absence of foreshocks in Nakanishi's model is probably based on the investigation of an one-dimensional instead of a two-dimensional fault. The proposed mechanism is a promising candidate for the actual dynamical process in real fault systems, because the dynamics observed in the nonlocal model is not restricted to this special case. We have found a remarkable robustness of the results with respect to modi cations of the model. In particular, we have studied the dependence on external noise. After each event and for each block separately, we have added white noise with a standard deviation up to 0.5/T 0 to the tectonic loading rate 1/T 0 . We have found that this noise has almost no e ect on the exponents B, p and q. Furthermore, we have investigated a generalized model which is a combination of both discussed models: In this case the stress, which feeds back to the block system as a result of the crust relaxation, is distributed to one half to the slipped block and to the other half to the four adjacent blocks. We nd that the mechanism described by the nonlocal model dominates the qualitative dynamics of the generalized model: The Gutenberg-Richter law as well as localized fore-and aftershock sequences are observed in good agreement with the results of the nonlocal model. Di erences are found only in the time distribution of aftershocks occurring near the hypocenter of the mainshock. The aftershock sequence turns out to be a superposition of the distributions generated by the local model and the nonlocal model. Note that in the case of the nonlocal model the number of aftershocks exceeds the value for the local model approximately by a factor ve (see Figure 3) . In the generalized model, therefore, the decay of aftershocks nearby the hypocenter of the mainshock, r 10, is slowed down at a time distance of about one relaxation time T after the mainshock leading to a deviation from the Omori law for those aftershocks.
In the nonlocal model, the maintenance of the Gutenberg-Richter law with almost the same exponent B indicates that the overall dynamics is dominated by the elastic properties of the model, i.e. in our case by the OFC-model. The principal new result obtained with this model is the strong spatio-temporal clustering of events displaying several characteristics of earthquake clustering in nature. If the fault system is loaded critically, the mean event size increases (higher B-value) and it depends sensitively on details of the stress levels in the block-system, whether any particular event grows into a mainshock. This mechanism can explain how the great variability in precursory seismicity emerges from our homogeneous, deterministic spring-block model. On average, the time evolution of the seismicity accompanying mainshocks can be described in the following way: the occurrence rate decreases almost linearly until the seismicity accelerates to the main rupture according to the same power-law which describes the decay of aftershocks. The number of aftershocks, however, exceeds the number of foreshocks approximately by one order of magnitude.
In spite of the fact that we neglect heterogeneties, long-range interactions and more realistic friction laws, there are striking similarities to empirical ndings concerning the size distribution as well as the spatio-temporal clustering accompanying large earthquakes. Therefore, we believe that the mechanism in our conceptual model bear a strong resemblance to the actual dynamical process involved in earthquake faults. In conclusion, our investigations support the hypothesis that fault systems are in a state of selforganized criticality.
Appendix: Spring-Block Models Transient creep characteristics can be modeled by linear visco-elastic solids (e.g. standard linear solids) which consist of combinations of springs and dash-pots. In the following, we assume blocks with unit area. Thus, force and stress are synonymous. A spring of sti ness K deforms according to x = =K in response to a force and a dashpot with the viscous coe cient relaxes at the rate dx dt = :
We aim at an analysis of the dynamics of the blocksystems which are illustrated in Figure 1 . Therefore, we assume that the deformations of the dashpots can be neglected during the block slip. Furthermore, we can restrict this analysis to the stress changes owing to an earthquake with only one sliding block, because more complicated cases can be solved by superposition. Assume that the stress (k; l; t 0 ) at the block (k; l) exceeds the threshold value, (k; l; t 0 ) F , at 
The displacement x of the dashpot is determined by the force at the dashpot
leading to
x(t) = 4X k;l 1 ? e ? K b (t?t0) ] : events containing about 17,500 mainshocks. The bold dots correspond to 34,000 foreshocks and the small crosses to 200,000 aftershocks occurring with a temporal distance of less than 10 T and with a spatial distance of less than 20 grid points to a mainshock. 
